Auroral hot spots are observed across the Universe at different scales 1 and mark the coupling between a surrounding plasma environment and an atmosphere. Within our own solar system, Jupiter possesses the only resolvable example of this large-scale energy transfer. Jupiter's Northern X-ray aurora is concentrated into a hot spot, which is located at the most poleward regions of the planet's aurora and pulses either periodically 2,3 or irregularly 4,5 . X-ray emission line spectra demonstrate that Jupiter's Northern hot spot is produced by ~10s MeV high charge-state oxygen, sulphur and/or carbon ions 4-6 undergoing charge exchange. Observations instead failed to reveal a similar feature in the South 2, 3,7,8 . Here, we report the existence of a persistent Southern X-ray hot spot. Surprisingly, this large-scale Southern auroral structure behaves independently of its Northern counterpart. Using XMM-Newton and Chandra X-ray campaigns, performed in May-June 2016 and March 2007, we show that Jupiter's Northern and Southern spots each exhibit different characteristics, such as different periodic pulsations and uncorrelated changes in brightness. These observations imply that highly energetic, non-conjugate magnetospheric processes sometimes drive the polar regions of Jupiter's dayside magnetosphere. This is in contrast with current models of X-ray generation for Jupiter 9,10 . Understanding the behaviour and drivers of Jupiter's pair of hot spots is critical to the use of X-rays as diagnostics of the wide-range of rapidly rotating celestial bodies that exhibit these auroral phenomena.
The XMM-Newton and Chandra X-ray Observatories conducted ~12 hour (1.2 Jupiter rotations) observations of Jupiter on 24th May (both XMM and Chandra) and 1st June Chandra only) 2016 and a 5-hour observation (0.5 Jupiter rotations) on 3rd March 2007 (both Chandra and XMM -see supplementary material for analysis). At these times Jupiter's tilt provided excellent visibility of both Jupiter's Northern and Southern polar aurorae. The combination of Chandra's High Resolution Camera (HRC-2016 observations) and Advanced CCD Imaging Spectrometer (ACIS-2007 observation) and XMM-Newton's Reflection Grating Spectrometer (RGS) and European Photon Imaging Camera (EPIC) together provided high spatial and spectral resolution X-ray observations in the energy band 0.2-2.0 keV. The entire observable disk of Jupiter fits in both the Chandra-HRC and XMM-Newton-EPIC field of view, so that in 2016 both instruments provided continuous coverage of the planet for more than one Jupiter rotation and could observe both Northern and Southern aurora regions, as they rotated into view.
Both Chandra and XMM-Newton time-tag each X-ray photon, which, for Chandra HRC's high spatial resolution, allows Jupiter's X-ray emissions to be connected with the latitude and longitudes from which they originate. Unlike for Earth where observable surface features provide unique latitude-longitude coordinate identifiers, Jupiter's solid surface is not observable and its layers of cloud rotate around the planet at different rates. In order to apply a consistent coordinate reference frame to these observations, we therefore used the left-handed S3 coordinate system, which rotates with Jupiter's 9.925-hour rotation. Projections of the locations of these X-ray emissions on Jupiter's poles reveal that both Jupiter's Northern and Southern X-ray auroral emissions are concentrated into hot spots that persistently occur in the same S3 latitude-longitude locations (Fig. 1) . These X-ray hot spots both occur poleward of Jupiter's main UV auroral oval, which is known to be generated by magnetospheric process(es) between 15 and 50 Jupiter Radii (R J ) 11 . The Southern spot (poleward of -67° latitude and between 30°-75° S3 longitude) occurs closer to its respective geographic pole than the Northern spot (60°-75° latitude and 155°-180° S3 longitude 2, 5 ). This explains how, in previously published X-ray observations 2, 3 , unfavourable viewing meant the Southern hot spot was obscured. Figure 2 shows overlaid lightcurves from the Northern and Southern hot spots to reveal the characteristic pulsations of each spot. At times when both spots are on Jupiter's observable disk (~CML 90°-120°), these lightcurves show that the X-ray spots sometimes pulse together (e.g. minute 460, 24 May), but that more than 50% of their pulses are independent (e.g. minute 420-450 and 470-500 24 May). This means that knowledge of whether one hot spot brightens does not help to predict whether its counterpart also brightens.
The Northern X-ray spot has been observed to pulse either irregularly 4, 5 or with regular periods of 12, 26 or 40-45 minutes 2, 3 . In order to provide quantitative estimates of the periodicities in each of the hot spots for these observations, a Fourier transform was performed on the raw unsmoothed time series to produce power spectral density (PSD) plots (Fig. 3) . These PSDs show that on both 24 th May and 1 st June 2016 the Southern spot pulsed with statistically significant regular periods of 9-11-min. Both Chandra and XMM-Newton independently observed this regular 9-11 minute period on 24 May. A Northern 12-min periodicity in the X-ray brightness was previously observed during a magnetospheric compression 3 . The recurrence of a 9-12 min and 40-45-min 2,3 period across multiple observations may suggest bi-modal regular periodicity. Surprisingly, while the 9-11 min Southern spot period is highly statistically significant in both observations (probability of chance occurrence (PCO) 10 −5 -10 −7 ), the Northern spot pulsations show no significant 11-min period on 24 th May and only a lowsignificance 12-min period (PCO 10 -2 ) on 1 st June. The North does exhibit some lower significance (PCO < 10 -4 ) 5-8 min periods, but these are not consistent across hemispheres or instruments.
The periodicity is not the only characteristic that appears to behave independently for each spot during these observations. The lightcurves (Fig. 2) show that the brightnesses of the two spots are also uncorrelated. We observed 78±9 X-ray photons from the Southern spot during the first CXO observation and 111±11 X-ray photons during the second observation -a ~40% increase in X-ray emission. In contrast, we observed 298±17 X-rays from the Northern spot during the first observation, but only 189±14 Xrays during the second -emission decreased by ~40%.
Analysis of the XMM-Newton EPIC spectra (supplementary information) shows that the dominant emissions from the Northern and Southern aurora are from precipitating ions of O 7+, 8+ and S 6+,…14+ and/or C 5+,6+ and therefore relate to downward current regions 9, 10 . To more precisely identify the sources for these precipitating ions and the associated downward currents, we use a flux equivalence mapping model 12,13 to connect magnetic field lines in the ionosphere with the equatorial magnetosphere (using the Northern Grodent Anomaly 12 and Southern VIP4 14 models). Our Northern distribution (Fig. 4) matches the one observed previously 3, 8 , with the precipitating ions originating beyond 60 Jupiter Radii (R J ) and between 10:00 and 19:00 Magnetospheric Local Time (MLT). The Southern spot also maps beyond 60R J , but is concentrated between 10:00 and 14:00 MLT and it then rotates out of view before we have the opportunity to observe it mapping to later MLTs. If, as with the Northern spot, Southern X-rays continued to be triggered when the spot maps along the afternoondusk flank, this emission would be unobservable from Earth, addressing why fewer Xrays are almost always observed from the South 15 . This broader local time origin for the Northern spot may also explain the distinctive temporal signatures shown in Fig. 2 and 3, since more sources regions/process may be involved along the dusk flank.
Jupiter's magnetopause has a typical subsolar standoff distance of 60-90R J , depending on the solar wind dynamic pressure 16 . The flux equivalence mapping 12,13 is calculated using magnetic field observations averaged over all solar wind conditions so that emission mapping beyond 60R J could indicate ions precipitating on closed field lines from the outer magnetosphere and/or field lines that are open to the solar wind, depending on solar wind conditions at the time. Of the X-rays in each spot, 30-60% of photons mapped to locations beyond the modeled expanded magnetopause location and are thus not shown on Fig 4. Currently, the favoured explanation for the Northern X-ray hot spot is that it is the signature of Jupiter's Northern cusp 3, 5, 7, 8 i.e. the dayside region of the magnetosphere that is open to the solar wind. It might therefore follow that Jupiter's Southern spot locates Jupiter's Southern cusp. For fast solar wind, X-rays are proposed to be generated in this cusp region by vortical flows from pulsed reconnection at the dayside magnetopause 9 . These flows limit the downward currents into the ionosphere and produce ~MV field-aligned potential drops 10 . These potential drops can accelerate ~2 keV O 2+ ions 17 in the outer magnetosphere to the 16-32 MeV (1-2 MeV/amu) needed for Jupiter's atmosphere to strip electrons and produce the observed O 6+ X-ray K-shell line emissions 4, 6, 9 . If reconnection pulses occur at Jupiter's ~30-50 min Alfvén wave transit timescale it is suggested that this mechanism could also explain the 45-min Xray periodicity 9 .
However, there are a varied set of challenges that need to be overcome in order for pulsed dayside reconnection to explain the generation of Jupiter's X-ray hot spots in the observation reported here: 1) the 9-12-min periodicity observed is on a shorter timescale than predicted; 2) for subsolar point reconnection, both poles should pulse periodically in-phase 9 , but the dominant periodicity in the South does not also dominate the Northern lightcurves (Fig. 3) and North-South pulsations often appear to be independent of one another (Fig. 2) ; 3) the overall brightness of the Northern spot appears to be uncorrelated to the overall brightness of the Southern spot, and 4) a more general challenge to the proposed pulsed reconnection mechanism is that it explains Xray emissions during fast solar wind conditions, but previously X-rays have also been observed during slow solar wind conditions 3, 8 . To address these challenges, here we propose adaptations and alternative mechanisms to explain the observed soft X-ray hot spot emissions during these observations. Differing pulsation periods for each pole could be produced by orientations of the Interplanetary Magnetic Field that do not favour subsolar reconnection 9 . At Saturn, tension associated with east-west motion of field lines during off-equatorial reconnection can produce transient non-conjugate enhancements in UV polar auroral brightness by disrupting field-aligned currents in the respective poles 18 .
High-latitude anti-parallel reconnection may also provide non-conjugacy. Lobe reconnection has been debated 19,20 as Jupiter's dominant solar-wind reconnection process. This is predominantly because the planet's immense size, rapid rotation and internal plasma source lead to long relative timescales for return flows from an Earthlike Dungey cycle, and, under certain conditions, suppress dayside reconnection 21 . For high-latitude reconnection, reconnected/closing lobe field lines may travel equatorward across the cusp and into the dayside magnetosphere 22, 23 . This could explain the large spatial extent of the X-ray spots. Asymmetric high-latitude reconnection can also produce a persistent reconnection site over one pole and a moving reconnection site over the other pole. This may explain the contrasting regular 9-11 min X-ray period in the South and irregular pulsations in the North. Subsolar dayside reconnection can produce X-rays from high charge-state magnetosheath/solar wind ions (e.g. O 7+ ) on open field lines, but these emissions are calculated to be orders of magnitude fainter than the total X-ray brightness observed 9,10 . However, certain topologies of highlatitude reconnection may offer additional acceleration mechanisms, since stretched or twisted lobe/open field lines closing and dipolarising in the outer magnetosphere could energise ions through Fermi acceleration.
Kelvin Helmholtz Instabilities (KHIs) are perhaps one of the most important largescale instabilities that occur in coronal, magnetospheric and astrophysical environments, transferring large quantities of energy, momentum and plasma between separate plasma regimes. They are also thought to occur at Jupiter's magnetopause 21, 24 , and offer an alternative mechanism capable of explaining the periodic X-ray signatures 3,8 . For Earth's magnetosphere, KHIs can trigger magnetopause fluctuations and excite compressional ULF magnetic field oscillations and field line resonances, driving standing Alfvén waves in the ionosphere 25, 26 . At Jupiter, ULF waves have been observed with 10-20 min periodicity 27,28 , the lower bound of which matches our 9-12 min X-ray pulsations. The periodicity of ULF oscillations depends on the magnitude of the magnetospheric cavity, velocity shear and thickness of the interaction boundary. At Jupiter, the size of the magnetosphere varies bi-modally between compressed and expanded states (respective standoff distances: 60-90R J 16 ). This could explain the bimodal 9-12-min and 40-45-min X-ray aurora periodicity. If the thickness of the magnetopause boundary and velocity shear were similar on 24 th May and 1 st June, then KHI-driven Alfvén waves could produce recurring periodicity. Moreover, KHIs could generate different brightening in each pole by driving oppositely-directed field-aligned currents in each hemisphere through Ampere's law. Traditional KH studies focus solely on the shear in the flow as the generation mechanism. However, magnetic field orientation, plasma characteristics and thickness of the magnetopause boundary all have critical roles to play in generating wave modes along the boundary. It is for these reasons that contrary to expectations from planetary rotation, KHIs are often observed along Earth 29 and Saturn 30 's dusk flank, as well as the dawn sector, where the velocity shear is largest. Indeed at larger velocity shears KHI may also be stabilized and hence switch off 30 . The prevalence and locations of KHIs alongside the possibility of KHI generated ~MeV/amu acceleration required for the observed X-ray signatures remain to be fully explored at Jupiter. However, wave-particle interactions, KHI-driven reconnection and/or modulation of current systems and their associated potential drops are all possible acceleration mechanisms.
The Southern X-ray spot rotates out of view while the Northern spot rotates into view, so that both are observable simultaneously only when they approach opposite limbs of Jupiter's observable disk. If the two spots are globally driven, then arguably the simplest explanation for the North-South differences is that magnetospheric conditions changed with time and damped the 11-min Southern period. Whether the differences are due to changes with time or due to differing polar dynamics both auroral spots are fixed in the planet's rotating coordinate system, so localised magnetic conditions may also play some part in ensuring ~MeV/amu ion acceleration is produced only in the hot spots and not in any other auroral region.
These findings also highlight possible multi-wavelength connections for Jupiter's aurora. UV polar auroral flares 31 sometimes coincide with X-ray brightenings 5 and, like the X-ray pulsations, quasi-periodically enhance on a ~10 min timescale 32 . Bright infrared auroral hot spots are also co-located with the X-ray hot spots, which may suggest that the pulses of ~MeV/amu ion precipitation, and their associated drivers, provide an important heating mechanism for Jupiter's stratosphere down to the 10-mbar pressure level 33 .
The independent behaviour of Jupiter's pair of soft X-ray hot spots during these observations raises fundamental questions about what processes at rapidly rotating magnetospheres produce these aurorae. For Jupiter, the precipitating ion spectral signatures suggest that the spots locate Jupiter's downward currents 10 and may identify the Northern and Southern Cusps 9 . However, the observed distinctive behaviour could be indicative of non-equatorial reconnection, magnetopause-driven ULF waves, tail reconnection or local magnetic conditions at each polar region. Over the coming 2 years, X-ray observing campaigns in conjunction with NASA's Juno mission will offer the opportunity to determine whether the independent behaviour that we report here is commonplace or is unique to the observations presented here. Critically, they will help to identify the magnetospheric conditions and auroral processes that are able to generate Jupiter's highest-energy emissions and the seemingly independent behaviour of the Northern and Southern soft X-ray hot spots. 14 model magnetic field strength in Gauss. Thick gold contours show the magnetic field ionospheric footprints of field lines intersecting the Jovigraphic equator at 5.9 R J (Io's orbit), 15 R J and 50 R J 12,13 from equator to pole respectively. The location of Jupiter's dipole magnetic pole is given by the red dot. These projections reveal that the X-ray aurora is clustered into a hot spot at both poles. The Northern spot is between 155° and 180° longitude and 60° and 75° latitude, as previously observed 2, 3, 5, 7, 8 . The Southern spot is longitudinally broader (30°-75°) and poleward of 67° latitude, located closer to the geographic pole. Projection effects lead regions of 1.5° latitude by 1.5° longitude near the poles to appear longer in latitude than in longitude, which leads to the streak-like morphology. This is an artefact of the projection and not a physical feature. Lower: North (left) and South (right) polar projection exposure maps. The colour bar indicates the fraction of the total observing time during which each region was observed. These show that the clustering of X-rays in the hot spots is not due to additional observation time in these regions. is at the bottom of the plot. The dashed red line shows the value obtained if photons from a steady source were randomly distributed over the visibility period. Lightcurves were extracted from 20-70° longitude and poleward of -60° latitude for the South and from 155-180° longitude and poleward of 60° latitude for the Northern hot spot. For XMM, with poorer spatial resolution and therefore subject to increased contamination from the disk emission, the lightcurves are extracted from the same time window as the CXO observations. 16 , for an expanded 92 R J, standoff distance (outer contour) and compressed 63 R J standoff distance (inner contour). We also note that even for the statistical location of the expanded magnetopause, because of the substantial spatial extent of the hot spots, 30%-60% of X-rays mapped beyond the magnetopause, meaning that their origins cannot be identified by the model mapping and they are not plotted here. 
Method Section Observation Times
For all previously published X-ray campaigns with the Chandra X-ray Jupiter's disk fits within the field of view of both Chandra HRC and ACIS instruments and XMM-Newton's EPIC-PN instrument, permitting simultaneous observations of Jupiter's Northern and Southern hot spots during the CML window when both spots are at least partially on the observed disk. However, we note that the Southern spot is rotating out of view when the Northern spot rotates into view, so that both spots can only be simultaneously observed in their entirety between CMLs ~90°-120° and at these times there are still viewing geometry limitations and possible effects produced by the precipitation/emission-angle.
Given that each observation continuously covered 1.2 Jupiter rotations this meant that, for both observations, Jupiter's Northern and Southern hot spots were observed at least once, and the 24 th May (1 st June) observation partially observed Jupiter's Northern (Southern) hot spot a second time. To ensure that we did not artificially enhance the X-ray counts (lines 159-165 of the main text) by including multiple visits to the same spot (two visits to the North on 24 th May and two to the South on 1 st June), in each observation we extracted counts only from the longest duration window of these two possible observing windows. A table of the counts recorded by Chandra from every observing window can be found in the supplementary information.
Supplementary Figure 1 shows a projection onto the South Pole from the Chandra ACIS observation on 3 rd March 2007. In order to analyse the ACIS data, we applied a correction to the effective area 3,5 to account for the increased energy thresholds applied within ACIS to circumvent optical light leaks through the optical blocking filters. This observation had a lower observer co-latitude (Supporting Table 1 ), offering better visibility of the geographic South Pole than the 2016 campaign. Although the observations from the 2007 campaign were dimmer than those from 2016 and used a different instrument (Chandra ACIS instead of Chandra HRC), the polar projection shows that the X-rays are again concentrated into the Southern hot spot and that this occurs from 70° latitude to the pole and between 30°-60° S3 longitude. Studies of eight X-ray observations of the Northern Spot have shown that from observation to observation the hot spot expands and contracts centered on a persistent location 3, 8 . This may suggest that while the Southern spot is centered on the same location in 2007 and 2016, it also expands and contracts from this location. Alternatively, the apparent expansion in the 2016 observations may be a projection effect produced by the slightly poorer visibility of the region during the 2016 observations relative to the 2007 observations. Supplementary Figure 2 quantifies the concentrations of X-rays shown in Figure 1 and Supplementary Figure 1 . In the 2016 and 2007 observations the Southern hot spot occurred in the same longitude range, suggesting that it is a persistent feature of the Southern X-ray aurora. We contrast the count concentrations in the auroral zones with emission from fluoresced and scattered solar photons in Jupiter's equatorial atmosphere. This demonstrates that the distributions are not produced by transient variations in the solar X-ray flux. If this were the case then the disk distributions might be expected to match the auroral distributions and they do not. We also plot error bars on the count measurements, highlighting the significance of the spots longitudinal concentrations relative to the more uniform equatorial emission.
Spectral Analysis
We analysed the XMM-Newton EPIC-PN spectral data from May 24 th to identify the source populations of the observed emissions. To do this, we applied the standard High Energy Astrophysics software packages including XMM-SAS and XSPEC. XMM-Newton has lower spatial resolution than Chandra. To circumvent this, we utilised the information from Chandra (from the overlapping interval) on the spatial locations of the spots with visibility information from NASA JPL Horizons ephemerides data to select times that corresponded to CML ranges when the hot spots were on Jupiter's observable disk. For XMM, for the North (South) we extracted hot spot spectra from times when the CML ranges were 60°-270° (300°-170°). The time intervals outside of these windows were checked to ensure that the X-ray emission was evenly distributed across Jupiter's entire disk and no significant auroral concentrations were lost. Given the dynamic nature of the hot spots, we only used the longest observation window and did not combine the shorter partial observation windows with this. This disregarding of times when the hot spot was unobservable is an alteration from previous spectral studies 35, 37 , that allowed us to minimise contamination from scattered solar photons and provided a more accurate calculation of X-ray emission rates from the aurora only.
Using the standard XMM-SAS package, we then selected the appropriate source regions for the Northern and Southern aurora from a planet-centered image and extracted the relevant spectral products (spectral data from source region, spectral data from background region, effective area/auxiliary response and redistribution matrix files). To ensure there were sufficient counts to reliably fit models, we binned the data into 10-channel energy bins. Using the XSPEC modeling package, we then tested fits for a combination of different Gaussian lines and bremsstrahlung continuum to a non-background subtracted spectrum (Jupiter's disk blocks cosmic Xray background emission 5 ).
To distinguish between auroral emission and potential contamination in the polar region from solar photons fluoresced/scattered in Jupiter's atmosphere, we also extracted the Equatorial emission by using the same time window as the auroral emissions. Given the low count rates, we used an Equatorial spectrum that covered the times when either hot spot was observable (sub-observer longitude 300°-270°).
Modeling of the Equatorial spectrum showed clearly distinctive features from the auroral emissions, indicating that the auroral spectra were dominated by a different emission process (i.e. not fluorescence and scattering of solar photons).
A bremsstrahlung continuum was found not to give good fits for the Northern or Southern auroral emissions, suggesting that both observed hot spots are dominated by spectral lines from precipitating ions.
It was challenging to directly compare the Northern and Southern aurora due to the low count levels for the South, but both the North (supplementary table 6) and South  (supplementary table 7 ) best fit models feature a prominent and well-defined O VII line centered on 568 eV and a high flux line in the region where a range of sulphur and carbon lines are present. Both aurora best-fit models also include a line at 430-470 eV where there are known C VI lines. Interestingly, Carbon is much more abundant in the solar wind than in Jupiter's magnetosphere so this could suggest some direct solar wind precipitation. However, we note that the 90% confidence errors on the fluxes for this specific line are 50% of the measured flux for the North and more than this for the South. This 430-470 eV line coincides with the lowest data point between 200-900 eV on the equatorial spectrum, suggesting that it is not contamination from scattered solar photons, but is a part of the auroral spectrum. The equatorial spectrum (supplementary figure 5) does hint at the presence of a line at 400 eV and we attempted to force model fits to this but these always led to worse fits and increased the reduced ! by at least 0.5.
As with previous Jovian disk analysis 38 , we could attain a good fit (reduced ! of ~0.7) to the equatorial spectrum from 500-1500 eV with a vmekal hot plasma model using solar abundances and kT ~ 0.3 and flux of ~ 9 x 10 -7 photons cm -2 s -1 . To support comparison with the auroral emission (supplementary figure 5), we show a spectral line fit with known solar spectrum lines 39 this shows that the equatorial emission has a very different structure above 600 eV. If the observed and modeled auroral emissions were due to solar contamination, then one would not expect the auroral emissions to decrease above 600 eV, as they do.
Given that both the Northern and Southern aurorae feature similar Sulphur/Carbon and O VII lines, this may support a similar source population (as suggested by the magnetospheric mapping to the noon magnetopause). This may also suggest that any independent behaviour is locally driven.
The Northern aurora is better fit with the inclusion of an OVIII line. More energy is required to strip the additional electron in order to produce this line, so the presence of the extra line may hint that a more energetic pulsation process occurs in the observable Northern aurora than in the South. This higher charge state oxygen would, through charge exchange, subsequently lead to a cascade of emissions from lower charge state oxygen, which may explain further differences between the oxygen spectra.
We note that the source regions for the two spectra are different (see Fig. 4 ), which may explain some of the spectral differences (acceleration, the driver process or the source ion population may change when moving from the nose to the dusk flank) and the spectra do not cover the same time interval. However, from this single NorthSouth spectral comparison, it is difficult to quantify conclusively the differences between the two spectra, since the intensities of the Southern spectral lines are a factor of 2-4 lower than for the North. Future observations that provide good visibility of both poles will help to address and interpret the spectral characteristics with more statistical certainty.
Lightcurves and XMM-Newton Periodicity Detection
For Chandra, the 1-min binned lightcurves ( Supplementary Fig. 2 ) from the Northern spot were produced by extracting X-rays from 155°-190° longitude and poleward of 60° latitude. For the South, the 1-min binned lightcurves ( Supplementary Fig. 2 ) were extracted from 20°-70° longitude and poleward of -60° latitude. The 1-min binned unsmoothed data were then Fast Fourier transformed to produce the PSDs shown in Fig 4 of The lightcurves from XMM-Newton's European Photon Imaging Camera (EPIC) contain more noise than the Chandra HRC lightcurves because EPIC's lower spatial resolution leads to additional contamination from fluoresced and scattered solar X-ray photons on Jupiter's disk. This limited spatial resolution also prevents lightcurves from being extracted based on System III coordinate locations. As with the spectra, we therefore extracted XMM-Newton auroral lightcurves from the auroral region, during the same time window as the spectra -times when longitudes connected to the X-ray hot spots were observable (CML 60°-270° or 300°-170° for the Northern and Southern aurora respectively). The XMM-Newton Southern (Northern) Power Spectral Densities shown in main text figure 4, were therefore produced from fourier transforms of the 300-500 minute (450-700 minute) unsmoothed data that generated these lightcurves. The lightcurves for XMM-Newton are noisier, since the spatial resolution is not as good as Chandra's and it was therefore not possible to select areas in S3 coordinates. Instead, we used auroral regions extracted from the disk of Jupiter, which will include additional contamination from the disk emission. There are also different energy-dependent responses and effective areas for XMM-Newton's EPIC and Chandra's HRC and ACIS instruments, which may lead to differing lightcurve morphology for each instrument.
Jupiter's equatorial emissions are produced by solar photons that are fluoresced and scattered in Jupiter's atmosphere 38, 40, 41 . Lightcurves and PSDs from the Jovian equator on 24 May (DoY 145) and 1 June (DoY 153) (Supplementary figure 4) between -30° and 30° latitude demonstrate that the periodic behaviour is not present in the equatorial region and that there was not a significant variation in the solar X-ray output (e.g. significant solar flares) during the observations 3,38,41 .
To statistically test how similar the PSDs were between each pole, each instrument and each observation, we conducted a range of hypothesis tests and calculated the Pvalue 42 for each compared data set. Direct comparisons of a hot spot PSD from the same pole but in different observations/instruments produced relatively high P-values (Supplementary Table 4 ), suggesting that the temporal behaviours of the emissions were similar. However, directly comparing the Northern PSDs with the Southern PSDs produced low P-values, suggesting the inter-hemisphere temporal behaviour is far less similar.
Supplementary Table 5 shows results from statistical analyses using the STA/LTA algorithm 43 to identify and characterise the 3 most prominent peaks in the power spectral density plots in Fig. 4 of the main text. This auto-detection of the peaks in the periodogram quantifies and characterises the strong 9-11 min period observed in the Southern spot, which is not also observed in the Northern spot. We do however note that a 5-8 min period does appear to recur in the North.
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